Abstract: Hippocampus is highly susceptible to endocrine disrupting chemicals exposure particularly during the critical phase of brain development. In this study, mice offspring were exposed to endocrine disruptors mancozeb (MCZ) and imidacloprid (IMI) individually (40 mg MCZ and 0.65 mg IMI/kg/day) as well as to their equimixture (40 mg MCZ + 0.65 mg IMI/kg/day) through the diet of lactating mothers from post-natal day (PND) 1 to PND 28. Half of the randomly selected male offspring were killed at PND 29, and the rest half were left unexposed and killed at PND 63. Brain weight, histology, plasma hormone profile and working memory performance were the various end-points studied. Brain weight was significantly decreased in the mixtureexposed group at PND 29, which persisted to PND 63. Total thickness of pyramidal cell layers decreased significantly along with misalignment, shrinkage and degeneration of pyramidal neurons in CA1 and CA3 regions of the IMI and mixture-exposed groups. The length and branch points of dendrites of pyramidal neurons were decreased significantly in mixture-exposed group at both PND 29 and PND 63. Dendritic spine density was also reduced in mixture-exposed group offspring. Testosterone level was significantly decreased only at PND 29, but corticosterone level was increased at both PND 29 and PND 63 in mixtureexposed offspring. T-maze task performance revealed significantly increased time duration and reduced path efficiency in mixture-exposed group offspring. The results thus indicate that pesticide mixture exposure could lead to changes in learning behaviour even at doses that individually did not induce any adverse effect on hippocampal organization.
The hippocampus plays important roles in forming new memories, emotional responses, spatial navigation and modulation of short-term memory to long-term memory [1, 2] . It shows an impressive capacity for structural reorganization throughout life. Pre-existing hippocampal neural connections undergo modifications in synapse number and dendritic complexity. Entirely novel neural connections are also formed here due to neurogenesis. The hippocampus proper (Cornu Ammonis, CA) has four anatomical subdivisions: CA1, CA2, CA3 and CA4. CA1 and CA3 regions are comparatively larger and have more neural connections than CA2 and CA4 [3] . The major pathways of neuronal signals flow from CA1 and CA3 regions to other parts of brain. Both CA1 and CA3 regions are densely filled with the pyramidal neurons. The dendrites of pyramidal cells have larger diameter than the other neuronal types with high number of spine density and synaptic inputs [2, 4] . Pyramidal neurons in CA1 and CA3 regions undergo dynamic modifications in the form of dendritic extension and retraction, as well as synapse formation and elimination till adolescence [5, 6] .
The hippocampus is a very sensitive part of the brain's structural organization and functionality which becomes affected by environmental pollutants, such as pesticides, metals and plasticizers [2, [7] [8] [9] . Deliberate use of pesticides in agriculture and household has created an alarming situation for the health of human beings and wildlife. Pesticide exposures to laboratory mammals during adulthood have been reported to alter the cytoarchitecture of pyramidal neurons of CA1 and CA3 regions and impair physiological functions of hippocampus [10, 11] . Exposures during the critical period of brain development to a number of agents including metals and pesticides have been reported to interfere with the proliferation, differentiation, synaptogenesis and myelination of neurons [12] [13] [14] [15] [16] . Developmental exposures to pesticides and other pollutants have also been demonstrated to induce behavioural alterations in laboratory animals [13, 14] . Early life exposures to dithiocarbamate pesticide MCZ induce neurotoxicity but did not impair learning-memory in rodents [17] . Neonicotinoid insecticide IMI causes developmental neurotoxicity as well as behavioural alterations including impairment of learningmemory in exposed offspring [18] . Early life exposure to mixture of EDCs including MCZ, epoxiconazole, prochloraz, tebuconazole and procymidone pesticides impairs learningmemory in rat offspring at doses that individually did not induce any significant effects on their behaviour [17, [19] [20] [21] [22] . In spite of the fact that every organism is susceptible to pesticides mixture even at doses that did not induce any significant effects individually, studies are still lacking on effects of combined exposures of pesticides particularly MCZ and IMI on hippocampal structural organization as well as functionality.
The present investigation was therefore carried out to elucidate the hippocampal plasticity of mice offspring lactationally exposed to individual as well as combined doses of MCZ and IMI. These pesticides are currently in use as a fungicide and insecticide, respectively, for protection of crop thereby making human beings and wild animals prone to their combined exposures. In this study, the effects of pesticide exposures were assessed at two different time-points. Effect of immediate exposure was examined in the neonates of PND 29, and the effect was further analysed at sexual maturity age of PND63 after withdrawal of exposure to address whether the adverse effects observed, if any, persist to adulthood or not. MCZand IMI-induced effects on structural organization of hippocampus were evaluated through the study of modifications in pyramidal neurons of the CA1 and CA3 regions. An attempt was also made to correlate pesticides-induced neuronal modifications with alterations in plasma levels of thyroid (T3, T4), adrenal (corticosterone) and gondal (testosterone) hormones. Recently, it has been reported that combined exposure to MCZ and IMI during early life induces alterations in circulating thyroid hormone levels in adult mice [23] . Thyroid hormones play key roles in development of the brain, particularly in determining shape and size of neuronal cells, neuronal migration and dendritic arborization of pyramidal neurons of the hippocampus as well as in regulating behaviour [24, 25] . Besides thyroid hormones, hippocampal development and functioning are exquisitely sensitive to even small changes in circulating levels of glucocorticoids and gondal hormones. Glucocorticoids play an important role in structural plasticity of hippocampus and learning-memory. There are abundant glucocorticoid receptors within the hippocampus [26] [27] [28] . Gonadal steroids play crucial role in brain maturation and behaviour during adolescence [29] . Neuronal modifications by gonadal steroids in hippocampus contribute to learning-memory in adolescent animals [30, 31] . The implication of hippocampal alterations on learning-memory deficits in mice was also elucidated through behavioural analysis.
Materials and Methods
Animals. Swiss albino mice procured from Central Drug Research Institute, Lucknow (India), were acclimatized to laboratory conditions for 2 weeks. Animals were housed in polyvinyl chloride cages (290 9 320 9 390 mm) with paddy husk bedding and maintained under 12:12-hr light/dark cycle in a temperature (21 AE 2°C)-and humidity (55% AE 5%)-controlled room. Female mice were co-housed with male, and the day on which sperms were detected in vaginal smear was counted as gestation day (GD) 0. On GD 1, the pregnant females were separated from their male counterparts and housed in polyvinyl chloride cages. The Institutional Animal Ethical Committee (IAEC) of the University of Allahabad approved the experimental protocol for animal study, and the animals were cared according to the guidelines of the Committee for the Purpose of Control Experimental design. Lactating mothers (n = 12/group) having equivalent body-weight range were divided into four groups and exposed to the pesticides through diet from post-natal day (PND) 1 to PND 28. Control/Group I received vehicle alone (0.2 ml olive oil/ animal), Group II and Group III received IMI and MCZ, respectively, while Group IV received equimixture of IMI and MCZ (through 0.2 ml olive oil/animal) for 28 days. On parturition, the pups were weighed and marked with unique tail tattoo for identification of litters as well as littermates. As there were no significant differences in the litter size between control and exposed group mothers (n = 5-8/l), no culling was done. Body-weight of offspring was measured weekly between 09:00 a.m and 10:00 a.m, starting from day of delivery till sexual maturity (PND 63). Body-weights were recorded to an accuracy of 0.1 gm by a digital weighing machine. Half of the randomly selected male offspring were killed at PND 29 (n = 15-17/group) for assessment of the effect on exposure through the mother. The other half of the males were left till PND 63 for evaluation of the persistence of the effect at sexual maturity age (n = 15-17/group). In this study, we reported the results of only male pups, and the data of females will be presented later.
Behavioural test for learning and working memory. The working memory performance was assessed using a T-maze task [34] with a black metallic maze consisting of one start arm (38 9 7 9 10 cm) joined to two identical reward arms (35 9 7 9 10 cm). In the T-maze task, the animals learn to find the baited arm (arm having eatable reward) based on their memory of previously visited arm. Animals failing to explore the reward arm in the provided time duration (5 min) were excluded from the study. Prior to testing, the animals (n = 15-17/group) were acclimatized for 3 consecutive days, five trials per day to learn the reward arm. The trial was completed when the animal reached the reward arm or after 5 min. had elapsed. On the final test day, acclimatized animals were examined for five trials successively to assess the time duration for the animal to choose the reward arm and path efficiency to reach this arm. Trials were carried out using 5-min. intervals.
Tissue sampling. Brains were dissected out from ether-anaesthetized offspring (n = 10/group) immediately followed by collection of blood via cardiac puncture in heparinized microcentrifuge tubes. The plasma was separated by centrifugation at 825 g for 15 min. and stored at À20°C for hormonal assays. Brain weight was measured, and the tissues were then fixed in 4% paraformaldehyde in 0.1 M PBS solution (pH 7.4) for 24 hr. The tissues were thoroughly washed and processed for paraffin embedding using the standard protocol of our laboratory.
Histopathology and morphometry.
Cresyl violet. Paraffin blocks of brain were cut at 5-7 lm thickness and stretched on sterilized glass slides. After deparaffinization in down-grade ethyl alcohol (100%, 90%, 70%, 50% and 30%), sections were processed for cresyl violet staining for observations [35] and photomicrography using Leica DM 2500 light microscope (Leica Microsystems, Wetzlar, Germany). Hundred section of hippocampus were randomly selected from each group (10 sections/animal) for histopathological and morphometric measurements. Neuronal density and cell size analyses were performed in the middle of CA1 and CA3 regions [35] . The size of the counted area was 10,000 lm 2 (100 9 100 lm). All analyses were performed by using the Image J 1.32 image analysis software package (NIH, Bethesda, MD, USA).
Golgi impregnation. Golgi staining was performed for analyses of topology of pyramidal neurons [36] . The offspring (n = 5-7/group) were deeply anaesthetized with ether and then perfused intracardially with 0.9% saline solution followed by 4% paraformaldehyde in 0.1 M PBS solution (pH 7.4) for 15 min. Brains were carefully removed from skull, weighed and post-fixed with the same fixative overnight at room temperature. Brains were then washed in tap water at least for 15 hr with three changes to remove any trace of fixative and placed in 20 ml of chroming solution (2.5% potassium dichromate (w/v), 2.5% glutaraldehyde (v/v) and 2-5 drops of DMSO) for 2 days in the dark, with the solution changed daily. Brains were kept again in the same volume of fresh Golgi solution for an additional 8 days in the dark place to reduce background staining at room temperature. After chroming, brains were transferred to impregnation solution (0.75% solution of silver nitrate, w/v) for 3 days in the dark. Each brain was then washed and dehydrated in alcohol, cleared in xylene and embedded in paraffin wax for sectioning. Paraffin blocks were cut serially, and every alternate section of hippocampus was stretched on sterilized glass slides. After deparaffinization, sections were cleared and mounted for observations and photomicrography using Leica DM 2500 light microscope. Hundred neurons from each animal were analysed for geometry and topology of pyramidal neurons, quantitative analysis of the dendritic branching pattern, dendritic length and dendritic spine densities of apical region of pyramidal neurons of CA1 and CA3 region of hippocampus [36] .
Hormonal assay. Plasma levels of corticosterone and testosterone were measured according to the manufacturer's protocols of the respective ELISA kits of Neogen Corporation (Michigan, USA) and LDN diagnostics (Nordhorn, Germany). Samples from each batch of control as well as experimental groups were assayed in duplicate. Both intra-assay and interassay coefficients of variations were <10% for both the tests.
Statistical analysis. Statistical analysis was performed using GraphPad Prism 5 statistical software (GraphPad Software Inc., San Diego, CA, USA). All values were represented as means AE S.E.M.s. Data were analysed on a litter-means basis and statistical significance between the control and experimental data was subjected to analysis of variance (ANOVA) followed by Dunnett's post hoc test (p < 0.05, p < 0.01 and p < 0.001).
Results

Brain weight.
Brain weight was decreased significantly only in mixture (MCZ + IMI) exposed offspring at PND 29 (p < 0.05) which persisted to PND 63 (p < 0.01). No significant alterations were observed on individual exposure to either MCZ or IMI ( fig. 1) .
Histopathology of hippocampus.
Cytoarchitecture of CA1 and CA3 regions. In the MCZexposed group, cytoarchitecture of pyramidal neurons in CA1 and CA3 regions showed a regular pattern with an alignment of four to five layers like that of the control (figs 2 and 3). There was no sign of neuronal degeneration in this group and neuronal size as well as density was maintained at both PND 29 and 63. Total thickness of pyramidal cell layers decreased in the IMI and mixture-exposed group offspring with misalignment of pyramidal neurons in the CA1 and CA3 regions in the latter. Both the IMI-and mixture-exposed groups revealed shrinkage and degeneration (darkly stained neurons) of pyramidal neurons at PND 29 and 63 (figs 2 and 3). The neuronal size as well as density was decreased significantly only in the mixture group as compared to control (table 1) .
Topology of CA1 and CA3 pyramidal cells. Apical dendrite of pyramidal cells in the CA1 region of hippocampus revealed a significant decrease in dendritic length (p < 0.01 and p < 0.05), number of dendritic branch points (p < 0.05) and dendritic spine density (p < 0.001 and p < 0.01) in pesticideexposed offspring compared to respective control at both PND 29 and 63 (figs 4 and 5). The IMI-exposed group revealed a significant decrease (p < 0.05) in spine density of pyramidal neurons only at PND 29; the reductions were not significant in length and branch point of apical dendrites at both PND 29 and PND 63. MCZ-exposed offspring revealed no significant alterations in topology of apical dendrites of pyramidal cell at both PND 29 and PND 63 ( fig. 4) .
Dendritic topology of pyramidal cells of the CA3 region was also altered in the mixture-exposed group offspring (figs 4 and 5). The mixture-exposed group revealed a significant reduction in dendritic length (p < 0.05), number of dendritic branch points (p < 0.05) and dendritic spine density (p < 0.001) in apical dendrites of pyramidal neuron in both neonates and adolescent offspring. There was no significant alteration in topology of apical dendrites of pyramidal neurons in the MCZ-and IMI-exposed offspring at both PND 29 and PND 63 ( fig. 4) .
Plasma hormonal profile.
Corticosterone level. Plasma corticosterone was increased significantly in the mixture-as well as individual MCZand IMI-exposed group offspring at both PND 29 and PND 63 ( fig. 6A ). The increase was highly significant (p < 0.001) in the mixture group offspring than IMI- Fig. 1 . Effect of pesticide exposure on brain weight plotted to Means AE S.E.M.s, n = 15-17. *p < 0.05 and **p < 0.01 significant compared to respective control.
(p < 0.01) and MCZ-(p < 0.05) exposed offspring at both PND 29 and PND 63. Testosterone level. Plasma testosterone level was decreased in the mixture-, IMI-and MCZ-exposed groups ( fig. 6B ). In the mixture-and IMI-exposed group offspring, the decrease was significant (p < 0.05) at PND 29 only, and not at PND 63. The decrease in the MCZ-exposed group was, however, significant at both PND 29 (p < 0.01) and PND 63 (p < 0.05).
Learning and memory.
T-maze test performance clearly indicated poor learning and memory in mixture-exposed offspring. The time duration in the mixture-exposed group was significantly increased (p < 0.01), whereas path efficiency (p < 0.01) was reduced in neonates which persisted to adolescent offspring. There was no significant alteration in path efficiency and time duration in the individual IMI-or MCZ-exposed group offspring at both PND 29 and PND 63 compared to that of the respective controls ( fig. 7) .
Discussion
Developmental exposure to mixture of low doses of two established endocrine disruptors MCZ-and IMI-induced hippocampal and cognitive (learning and memory) impairment in neonates (PND 29) that persisted to sexual maturity (PND 63) even after withdrawal of the pesticide exposures. At both PND 29 and PND 63, brain weight was decreased significantly only in the mixture-exposed group offspring but not in individual groups. A decrease in brain weight of adult rats has been documented on MCZ exposure to sublethal doses of 1500 mg/kg/day for 360 days [37] . IMI exposure at sublethal doses of 20 mg/kg/day for 90 days, however, did not affect the brain weight of adult rats [38] . Decreased brain weight observed in pesticide-exposed offspring reflected clearly in hippocampal morphology. The cytoarchitecture of hippocampus altered significantly in mixture-exposed offspring; however, no effects were observed in the individual pesticideexposed group's offspring. A significant increase in darkly stained neurons and decrease in neuronal density as well as size in CA1 and CA3 regions of hippocampus was observed in the mixture-exposed offspring at both PND 29 and PND 63. Disruption of neuronal cytoarchitecture in hippocampus has been reported in rat offspring at PND 30 after maternal IMI exposure to a sublethal dose of 337 mg/kg on GD 9 [18] . No studies are available on hippocampal cytoarchitecture of MCZ-exposed vertebrates. However, MCZ-induced neuronal damage has been reported in invertebrates [39, 40] . Organophosphate pesticide chlorpyrifos and pyrethroid cypermethrin-induced neuronal degenerations were demonstrated in rat hippocampus [41] . Topology of pyramidal neurons, number of branch points, length and spines density of apical dendrites of the CA1 and CA3 region were distinctly altered in the mixture-exposed group offspring at both PND 29 and PND63. However, individual pesticide-exposed offspring had no significant differences in topology of pyramidal neurons of both the hippocampal regions. Alterations in synapse morphology of rat hippocampus were reported on neonatal exposure (from PND 6 to PND 21) to a pyrethroid pesticide, permethrin [14] . Impaired hippocampal neurogenesis in male mice has been demonstrated on maternal dietary exposure (from GD 10 to PND 21) to chlorpyrifos [15] . Effect on spine density and dendritic branching pattern of CA1 pyramidal neurons were also reported in rat neonates subcutaneously exposed (from PND 8 to PND 20) to an organophosphate, paraoxon [16] .
Pesticide-induced cellular degeneration and decreased spine density in pyramidal neurons of hippocampus have been correlated to learning-memory impairments in rodents [14] . Pyramidal neurons are the major neuronal cell types of hippocampus which regulate cognitive functions, especially learning and memory. The hippocampal structural alterations observed in the present study well reflected in the behaviour of the pesticide-exposed group offspring. Mixture-exposed mice offspring have shown poor ability for learning and memory, whereas no behavioural impairments were seen in the individual pesticide-exposed group's offspring. Developmental MCZ exposure (from GD 7 to PND 16) did not induce any behavioural changes in rat offspring at 150 mg/kg/day, but its metabolite propylthiouracil impairs learning-memory ability of rat offspring at and above 1.6 mg/kg/day exposure [17] . Maternal exposures of 337 mg/kg IMI on GD 9 impair learning and memory ability of rat offspring at PND 30 [18] . Perinatal exposure of mixture of pesticides including MCZ, epoxiconazole, prochloraz, tebuconazole and procymidone impairs learning-memory in rat offspring at doses that individually did not induce any significant effects on their behaviour [19] . Individual exposure to these pesticides did not affect learning ability of offspring even at higher doses [17, 20] . Our results thus indicate that the learning-memory impairments observed only in mixture-exposed offspring might be due to additive or synergistic effect of both the pesticides on hippocampus. Neurodegeneration, impaired topology of pyramidal neurons and declined neurogenesis in hippocampus have been demonstrated to impair the learning-memory ability of animals [6] .
The alterations in hippocampal structural organization and learning-memory ability may also be due to pesticide-induced hormonal impairments. Hormones play key roles in regulating hippocampal structural organization and functioning [2, 3] . Receptors of thyroid hormones, glucocorticoids and sex steroids are abundantly present in hippocampus. Thyroid hormones regulate neuronal cytoarchitecture, topology and cognition. Even transient reductions in thyroid hormones during the critical period of brain development can irreversibly impair synaptic transmission and plasticity in hippocampus Fig. 4 . Effect of pesticide exposure on length of dendritic segment, number of branches and spine density of basal region of pyramidal neurons of CA1 and CA3 regions of hippocampus plotted to Means AE S.E.M.s, n = 10. *p < 0.05, **p < 0.01 and ***p < 0.001 significant compared to respective control. [42, 43] . Hypothyroidism was reported earlier in a mixtureexposed group of mice offspring at the same dose level used in the present study [23] . Early life exposure to a sublethal dose of 150 mg/kg/day MCZ was also reported to induce hypothyroidism in rat offspring [17] . Hypothyroidism induces abnormal neuronal proliferation and migration, decreased dendritic densities and arborization of pyramidal neurons, and behavioural impairments [24, 25] . The hippocampal development and functioning are exquisitely sensitive to circulating glucocorticoid hormones [28, 44] . Glucocorticoids also regulate hippocampal structural plasticity and learning-memory performance in animals [26] [27] [28] . Hypercorticosteronaemia-induced cognitive impairments were correlated to increased pyramidal cells degeneration along with decreased neurogenesis, dendritic spine density and number of dendritic branch points of these neurons of hippocampus [26] [27] [28] . Hypercorticosteronaemia was observed in mixture as well as individual pesticideexposed group offspring in the present study at both PND 29 and 63. Gonadal sex steroids have also been reported to play a crucial role in brain maturation and behaviour during the adolescence period [29] . Gonadal steroids-mediated neuronal modifications in the hippocampus significantly contribute to learning and memory in adolescent animals [30, 31] . A significant reduction in circulating testosterone level along with decreased spine density was observed in the present study in the mixture-exposed group offspring at PND 29. Age-related reduction in cognitive function has been associated with decreased circulation of testosterone levels. Reduction in spine density on apical dendrites of CA1 pyramidal neurons has been reported in gonadectomized male rats [30] . Thus, combined exposures to pesticides induce more prominent adverse effects on hippocampal organization and learning and memory performance than their individual exposures. Pesticides-induced hormonal imbalance might be another reason behind the observed hippocampal toxicity.
